We present results on the intrinsic brightness temperature of a sample of compact radio sources observed at 86 GHz using the Global Millimeter VLBI Array. We use the observed brightness temperatures at 86 GHz and the observed superluminal motions at 15 GHz for the sample in order to constrain the characteristic intrinsic brightness temperature of the sample. With a statistical method for studying the intrinsic brightness temperatures of innermost jet cores of compact radio sources, assuming that all sources have the same intrinsic brightness temperature and the viewing angles of their jets are around the critical value for the maximal apparent speed, we find that sources in the sample have a characteristic intrinsic brightness temperature, T 0 = 4.8 +2.6 −1.5 × 10 9 K, which is lower than the equipartition temperature for the condition that the particle energy equals to the magnetic field energy. Our results suggest that the VLBI cores seen at 86 GHz may be representing a jet region where the magnetic field energy dominates the total energy in the jet.
INTRODUCTION
Compact radio sources are generally defined as radio sources whose flux density at an intermediate radio frequency, e.g., ∼ 1 GHz, is dominated by the emission of a single bright region within ∼ 1 kpc in size (Blandford & Königl 1979) . Compact radio sources usually have flat radio spectra and exhibit pronounced radio variability. Moreover, due to the lager ratio of optical to radio flux of the compact radio sources than of steep-spectrum sources, these objects have been easily identified.
Radio emission from parsec-scale jets in compact radio sources consists of optically thin synchrotron emission, and characterized by their spectral and polarization properties and significant inverse-Compton emission (see Marscher 1990; Hughes & Miller 1991) . The flat spectrum of the radio emission is generally interpreted as due to superposition of incoherent synchrotron radiation from a non-thermal distribution of relativistic electrons located in several distinct components (Kellermann & Pauliny-Toth 1969; Marscher 1995) . These components form the innermost compact structure, the compact jet base at sub-parsec scales, and the bright emission regions at parsec scales of the jet. The physical processes of the formation of inner jets that connect the nucleus to the observed radio jet, their acceleration to relativistic speeds, and strong collimation to large scales (pc to kpc) have been extensively investigated but remain poorly understood (e.g., Marscher 2006; Lobanov & Zensus 2006; Lobanov 2007 ).
Readhead (1994) suggested that parsec-scale jets are in an equipartition condition that the energy density in relativistic particles is equal to that in magnetic fields (Burbidge & Burbidge 1957) . He found that the radio sources may radiate at an equipartition brightness temperature around 5 × 10 10 K in most circumstances. Recent studies have shown that extended radio lobes are indeed at equipartition (Croston et al. 2005) , and the relativistic jets are at equipartition in their median-low state (Homan et al. 2006) . However when the relativistic jets are in their maximum state, the brightness temperatures are a factor of 4 larger, implying the energy in their radiating particle is ≥ 10 5 times larger than the energy in magnetic fields, based on the relation of the energy and brightness temperature as proposed in Readhead (1994) : η = u p /u B = (T eq /T b ) −17/2 , where u p ,u B are the energy densities of the radiating particles and the magnetic field, respectively, T eq ≃ 5 × 10 10 K is the equipartition brightness temperature, and T b is the observed brightness temperature.
It is very difficult to measure intrinsic properties of extragalactic compact radio sources because the jets of compact radio sources are highly relativistic and therefore Doppler boosted (Blandford & Königl 1979; Lind & Blandford 1985) . The physical aspects of the jet can be parameterized by the Lorentz factor γ j , the intrinsic brightness temperature T 0 , and the angle to the line of sight θ j . From these intrinsic physical properties, one can calculate the Doppler factor δ, the apparent jet speed β app , and the observed brightness temperature S.-S. Lee
where β = (1 − γ j −2 ) 1/2 is the speed of jet in the rest frame of the source (units of c).
Observed brightness temperatures (T b ) of compact radio jets can be used to study the intrinsic physical properties of the relativistic jets. One application is to test accelerating and decelerating jet models (Marscher 1995) by investigating the change in the observed brightness temperatures measured at various radio frequencies (e.g., 2 -86 GHz). Under equipartition conditions between jet particle and magnetic field energy densities, the position shift of the brightest jet components of VLBI images (VLBI cores) between two frequencies can be predicted (Lobanov 1998) . The brightness temperatures in the rest frame of the sources and the predicted core shift should be able to test the inner jet models.
Another application is to obtain the intrinsic brightness temperatures of VLBI cores by using the observed brightness temperature T b and the maximum apparent jet speed β app . A method developed by Homan et al. (2006) was applied to the 2 cm survey data (Kellermann et al. 2004) in order to determine the intrinsic physical properties of prominent AGN (Cohen et al. 2007) . They found that VLBI cores observed at 15 GHz are near equipartition in their median-low state, resulting in intrinsic brightness temperatures of T 0 = 3 × 10 10 K. The method can be applied to VLBI survey data at different frequencies, with the maximum apparent jet speeds taken from Kellermann et al. (2004) , in order to constrain the intrinsic brightness temperature at these frequencies. In this paper, we combine the observed brightness temperature data from a global 86 GHz VLBI imaging survey (Lee et al. 2008 ) and proper-motion data from the 2 cm VLBA survey. In section 2, the theory and its application to the 2 cm VLBA survey are reviewed. In section 3, we present our results using the 86 GHz VLBI survey. In section 4, we discuss the interpretation of the intrinsic brightness temperatures at various frequencies.
Intrinsic brightness temperature at 15 GHz

Methodology
Following Homan et al. (2006) , we assume that a compact radio source contains an ideal relativistic jet, which is narrow and straight with no bends between the VLBI core and the jet components. Of course, some jets are not straight and θ j is not the same in the core and in the moving jet components. The celebrated example and evidence of the jet bending are found in 3C 279 (Homan et al. 2003; Abdo et al. 2010) . However, as long as superluminal motion is observed, the motion must be close to the line of sight, and angular changes of the motion could be highly magnified due to projection effect. A jet with an intrinsic bend of only a few degrees could be observed as a right-anlge bending jet (Cohen et al. 2007) .
In this case, we can also assume that the maximum speed of the jet component is the same as the speed of the jet flow through the jet core. The flow speed of the jet is usually different from the pattern speed of the jet in some low-luminosity sources. However, in those sources which are bright and straight, the pattern speeds are the same as the flow speeds. For simplicity, we make two further assumptions:
1. The intrinsic brightness temperature T 0 of all jets are the same, and 2. The viewing angels of their jets are around the critical value θ c = arccosβ for the maximal apparent speed at a given β.
Under the assumptions above, one can relate the observed brightness temperature to the maximum jet speed:
and
This resultant simple relation between the observed brightness temperature and the apparent maximum jet speed is illustrated in Figure 1 . From equations (1) and (2), one can also relate the apparent jet speed β app to the Doppler factor δ and the Lorentz factor γ j :
This relation is illustrated as three solid lines in Figure 1, for the maximum and minimum possible Doppler factors δ max = 1/γ j and δ min = 1/(γ j − γ j 2 − 1). The lines show actually the apparent speeds as functions of T b for jets with Lorentz factors of γ j =15, 20, and 25. Homan et al. (2006) found that from the simulation of a relativistically beamed population of 1000 fictional compact radio sources with given T 0 and γ j , the dashed line divided the 1000 compact radio sources into two groups: one group of about 750 sources in the right and below, and another group of about 250 sources in the left and above. The viewing angles of 750 sources in the right and below are smaller than the critical angle, and their Doppler factors are large. Their proper motions are small due to their viewing angle.
Application to 15 GHz data
By combining the 2 cm VLBA survey data and the proper motion data of AGN jets, Homan et al. (2006) found an intrinsic brightness temperature of T 0 ≃ 3 × 10 10 K of the sources in their sample when the sources are in their median-low (25%-median) brightness temperature state, that is for median brightness temperatures of a lower half sample of observed brightness temperaturs obtained from multi-epoch observations of individual AGN. This value for T 0 is close to the equipartition temperature under the condition that the particle energy equals to the magnetic field energy. However, for maximum observed brightness temperatures, they also found a characteristic intrinsic brightness temperature of 2×10
11 K of their sample, which is brighter than the equipartition temperature by a factor of 4. This implies that, in the maximum brightness state, the energy in radiating particles exceeds the energy in the magnetic field by a factor of ∼ 10 5 . They suggest that at the innermost regions of the jet, injection or acceleration of particles should maintain the energy in the radiating particles dominant over the energy in the magnetic field.
Intrinsic brightness temperature at 86 GHz
A global 86 GHz VLBI survey data
In an attempt to investigate intrinsic brightness temperature for sources observed at 86 GHz, we used the observed brightness temperatures of VLBI cores at 86 GHz from a large global 86 GHz VLBI survey of compact radio sources (Lee et al. 2008) . The survey data consist of total intensity images with a typical image FWHM restoring beam of approximately 40 µas. This corresponds to a scale of < 0.1 parsecs at typical redshifts z ∼ =1 for our sample AGNs. We used Gaussian fit to the VLBI core component of each jet to determine a rest-frame core brightness temperature T b for each jet according to
where S tot is the fitted core flux density in Janskys at ν=86 GHz, d is the FWHM dimensions of the fitted circular core components in milliarcseconds. In determining the FWHM d of a core component, the resolution limit of the determination was taken into account. So, the minimum resolvable size of a component in an image is given by
where a and b are the axes of the restoring beam, SNR is the signal-to-noise ratio, and β is a weighting function, which is 0 for natural weighting or 2 for uniform weighting. When d < d min , the uncertainties should be estimated
VLBA data
Since there are no reliable measurements of the apparent jet speeds at 86 GHz, we used the apparent jet speeds from the 2cm survey and the MOJAVE survey (Kellermann et al. 2004; Lister et al. 2009 Lister et al. , 2013 , thereby assuming that the apparent jet speeds at 15 and 86 GHz are similar each other. We selected the fastest proper motions for each source from the MO-JAVE survey (Lister et al. 2009 (Lister et al. , 2013 , assuming that the speeds are maximum values of individual sources. For some sources whose proper motions are not available in the MOJAVE survey, we used the apparent speeds from the 2cm survey (Kellermann et al. 2004) , and we only considered those speeds that are ranked as "excellent" (E) or "good" (G) by their criteria. We found that apparent jet speeds at 15 GHz are available for 98 of the sources in the 86 GHz survey, In order to constrain the characteristic intrinsic brightness temperature at 15 GHz for our sample, we obtained the maximum observed brightness temperatures (T 15GHz,max b
) and the 25%-median brightness temperatures (T 15GHz,25%med b ) from Kovalev et al. (2005) . Table 1 lists the observed brightness temperatures at 15 and 86 GHz for the selected target sources, with the optical class and redshift obtained from Véron-Cetty & Véron (2006) . The final sample contains 98 sources, consisting of 7 galaxies, 20 BL Lac objects, 70 quasars, and one unidentified source according to the optical class. Figure 2 shows plots of the apparent speed β app versus the observed brightness temperature T b for our sample. The top panel is a plot of β app versus the maximum observed brightness temperatures at 15 GHz for each source in our sample. The dashed line indicates sources at the critical angle which have T 0 = 1.2 × 10 11 K, and the solid grey line was calculated using the same value for T 0 . The value of T 0 was chosen to have about 75% of the sources in the right of and below the dashed line, which is the same criterion for choosing the value of T 0 as in Homan et al. (2006) . The middle panel is for sources in their median-low (25% median) state. This is the median of the lowest half of the brightness temperature observations for a given source as defined in Homan et al. (2006) . The 25% median determined in this critera represents a typical low brightness state for each source at 15 GHz. We found a characteristic intrinsic brightness temperature of T 0 = 2.0 × 10 10 K for the 25% median state. The intrinsic temperatures chosen at 15 GHz for our sample (98 sources) are very close to those for the sample (106 sources) of Homan et al. (2006) . This implies that two samples are statistically similar and hence suitable for applying this method.
Constraining intrinsic brightness temperature
The bottom panel of Figure 2 is a similar plot for the observed brightness temperatures at 86 GHz for each source in our sample. The value of T 0 = 4.8×10 9 K was chosen to have about 75% of the sources in the right of and below the dashed line. Since other choices for the simulation parameters described in Homan et al. (2006) give a very similar distribution of β app vs T b and have fractions between 60% and 80% of sources with their viewing angles smaller than the critical angle, we take the corresponding values of T 0 = 3.3 × 10 9 K for a 80% fraction and T 0 = 7.4 × 10 9 K for a 60% fraction as the range of uncertainty for T 0 . Figure 3 shows plots similar to Figure 2 with sources divided into three groups: quasars, BL Lac objects, and galaxies. Galaxies have lower apparent jet speeds, whereas quasars and BL Lac objects are widely spread in speed.
Doppler factor
The narrow range of intrinsic brightness temperatures determined at 15 GHz (median-low state) and 86 GHz enables us to derive Doppler factors for the sources in our sample according to equation (3). Figure 4a and Figure 4b show the distributions of estimated Doppler factors for the 15 GHz (25% median) data and the 86 GHz data. The distributions have the mean values of 31.2 and 24.1 (excluding one value exceeding 1000) with the medians of 16.1 and 14.6 for each data, respectively. This implies that Doppler factors derived with the data at 15 GHz and 86 GHz for our sample of sources are slightly different from each other. The Doppler factors of the VLBI core at 86 GHz are lower than those at 15 GHz. Figure 4c shows the distribution of the ratio of Doppler factors at 15 GHz and 86 GHz for all sources in our sample. The distribution peaks at a value higher than unity, and has mean and median values of 3.43 and 1.11, implying that for many sources the estimated Doppler factors are higher for the 15 GHz jets than for the 86 GHz VLBI cores. Taking into account equation (4), higher Doppler factors indicate faster apparent jet speeds for sources whose viewing angles are close to the critical value θ c for maximal apparent jet speed. 
Discussion
It is interesting that the plots β app versus T b in Figures 2b and 2c show similar trends although few sources are far beyond the solid curve in Figure 2c . There are few sources having low brightness and fast apparent speeds. As discussed in Cohen et al. (2007) , this implies that for the fastest jet components in many sources, the pattern speeds are closely related with the flow speeds. If the pattern and flow speeds were independent, then it is difficult to imagine such a trend in β app versus T b . If some sources have fast pattern speeds with slow flow speeds, then they may be placed to the left of the solid line. This may be the case for the few sources located in the area of Figure 2c .
As discussed in Homan et al. (2006) , the chosen value of T 0 should be considered as a lower bound on the characteristic value. This is because there are more lower limits of observed brightness temperatures than measurements in Figure 2a . For our sample T 0 > 1.2 × 10 11 K when sources have their maximum brightness temperature. Therefore sources should be well away from equipartition. However, for the medianlow state in Figure 2b , there are fewer limits of the observed temperatures than measurements. We may consider the chosen value of T 0 the characteristic medianlow intrinsic brightness temperature. For our sample T 0 = 2.0 × 10 10 K. This value of T 0 is similar to the brightness temperature under an equipartition condition.
For the 86 GHz data, there are similar number of lower limits as the median-low plot, so it seems reasonable to take the characteristic intrinsic brightness temperature to be T 0 = 4.8 × 10 9 K. This value is lower by a factor of ∼4 than the median-low intrinsic brightness temperature at 15 GHz. We note that the apparent decrease in brightness temperature between the 15 GHz and 86 GHz cases cannot be attributed to scatter in the plots, since the real ranges of the intrinsic brightness temperate in both cases are 1.6 × 10 10 K < T 0 < 3.1 × 10 10 K and 3.3 × 10 9 K < T 0 < 7.4 × 10 9 K for the 15 GHz and 86 GHz cases, respectively, using the 60%-and 80%-fraction criteria. This is lower-than-equipartition temperature implying that the VLBI cores seen at 86 GHz may be representing a jet region where the magnetic field energy dominates the total energy in the jet. Using equation 5 of Readhead (1994) , we estimate that the 86 GHz VLBI core regions have 4.5 × 10 8 times more energy in magnetic fields as in radiating particles. In these circumstances we may expect conversion of magnetic field energy into the kinetic energy of particles in the jet. Since the 86 GHz VLBI cores should be located the inner regions of the jet in contrast to the 15 GHz cores and jets, taking into account the opacity effect of a relativistic jet (Lobanov 2007; Lobanov & Zensus 2006) , we may also expect that the intrinsic brightness temperature will increase as we go down-stream of the jet. Applying similar estimates to the 15 GHz data, we found 1/η ≃ 2.4 × 10 3 , implying the ratio between the energy in the magnetic fields and in their radiating particles may change by an order of 5 as the relativistic jet moves from the 86 GHz VLBI core regions to the 15 GHz jet regions.
The increase of the intrinsic brightness temperature may result in the increase of apparent jet speeds from the jet core of radio galaxies and BL Lac objects as reported by Lister et al. (2013) . Figure 13 of Lister et al. (2013) may imply that the apparent jet speeds at 15 GHz (in the outer region of the jet) are faster than those at 86 GHz (in the inner region), which is consistent with our results of Doppler factor in Section 3.4. Although positive correlation of speed with core distance needs to be confirmed based on a complete AGN sample, we may expect that the relativistic jets of AGNs may accelerate on moving away from the central engine with corresponding increase in the intrinsic brightness temperature. This also agrees with the results of Doppler factors. Some observational tests for the jet acceleration model will be discussed in a separate paper.
The difference in the intrinsic temperatures T 0 deduced at 15 GHz and 86 GHz may imply that only a small number of sources will be suitable for VLBI at higher frequencies (e.g., ≥ 300 GHz).
Conclusions
• The 86 GHz global VLBI survey has yielded the observed brightness temperatures for 98 sources with available apparent jet speeds and observed brightness temperatures at 15 GHz from the 2 cm VLBA survey and MOJAVE program. On applying the T 0 -constraining method, we find that the intrinsic brightness temperature is T 0 = 4.8 +2.6 −1.5 × 10 9 K for the VLBI cores seen at 86 GHz.
• The Doppler factors estimated with the constrained intrinsic brightness temperatures tend to be higher for the jets seen at 15 GHz than for the VLBI cores seen at 86 GHz. It is likely that Doppler factor increases down-stream of a relativistic jet.
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